OBJECTIVE: Sensing of nutrients in the stomach is of crucial importance for the regulation of ingestive behavior especially in the context of metabolic dysfunctions such as obesity. Cells in the gastric mucosa with taste-signaling elements are considered as candidates for sensing the composition of ingested food and consequently modulate gastrointestinal processes. To assess whether obesity might have an impact on gastric chemosensory cells, gastric tissue samples from morbidly obese patients and normal-weight subjects were compared using a reverse transcriptase (RT)-PCR, qPCR and immunohistochemical approach. RESULTS: Analysis of biopsy tissue samples from human stomach revealed that transcripts for the taste-signaling elements, including the receptor T1R3 involved in the reception of amino acids and carbohydrates, the fatty acid receptor GPR120, the G protein gustducin, the effector enzyme PLCb2 and the ion channel TRPM5 are present in the human gastric mucosa and led to the visualization of candidate chemosensory cells in the stomach expressing gustatory marker molecules. RT-PCR and qPCR analyses indicated striking differences in the expression profiles of specimens from obese subjects compared with controls. For GPR120, gustducin, PLCb2 and TRPM5 the expression levels were increased, whereas for T1R3 the level decreased. Using TRPM5 as an example, we found that the higher expression level was associated with a higher number of TRPM5 cells in gastric tissue samples from obese patients. This remarkable change was accompanied by an increased number of ghrelin-positive cells. CONCLUSIONS: Our findings argue for a relationship between the amount of food intake and/or the energy status and the number of candidate chemosensory cells in the gastric mucosa.
INTRODUCTION
Endocrine and neuronal signals originating from the gastrointestinal (GI) tract directly control physiological processes, which affect energy homeostasis, food intake and satiety. The type and intensity of the signals strongly depend on the chemical composition of ingested food. Accordingly, an efficient chemosensory monitoring of the luminal content is an essential prerequisite for fine tuning not only the GI processes but also for regulating the feedback onto brain centers, which control food intake. An assessment of the luminal content is assumed to be accomplished by specialized chemosensory cells in the GI mucosa. Mounting evidence supports the view that GI mucosal cells with a molecular phenotype related to lingual taste receptor cells may operate as sensors for ingested food. 1 --3 Previous studies have mainly concentrated on the phenotypical characterization and topographical distribution of chemosensory cells in the small intestine, where the main resorption processes occur. Recent reports have provided first evidence for an interplay between a chemosensory registration of nutrients and the release of GI hormones. 4, 5 In contrast, little is known about chemosensation in the stomach where digestive processes are initiated and major feedback signals originate. A few studies have shown that elements associated with taste transduction processes, such as the G protein gustducin, the key effector enzyme PLCb2, the transient receptor potential ion channel TRPM5 and the G protein coupled receptor T1R3 are expressed in the gastric corpus mucosa of rodents and humans. 6 --11 Moreover, it has been demonstrated that exogenous components elicit the release of ghrelin from gastric mucosal cells 12 including bitter tastants, 13 which suggests that a chemosensory registration of luminal constituents affects the secretion of hormones in the stomach. Because of the important implications of signals from the stomach for the regulation of central mechanisms governing food intake and energy homeostasis we investigated tissue samples from the human stomach for the appearance and distribution of chemosensory cells aiming for the important goal to unravel if the gastric chemosensory system may be affected under conditions of metabolic disorders as in morbid obesity.
MATERIALS AND METHODS

Human tissues
Human gastric tissue samples were taken from the gastric corpus of either normal-weight (body mass index 19 --27 kg m À2 ) or morbidly obese subjects (body mass index 47 --72 kg m À2 ) in the department for general, visceral and transplant surgery in the University Hospital in Tü bingen and in the Clinic of surgery Munich-Bogenhausen. Specimens of morbidly obese patients derived from sleeve gastrectomies and endoscopic biopsies for routine diagnostic purposes. Among the normal-weight subjects, three participants were not suffering from cancer. Owing to the scarcity of endoscopy of non-obese healthy subjects, the majority of macroscopically normal gastric tissue of lean individuals was obtained from cancer patients who underwent either endoscopy for exclusion of cancerous alterations in the GI tract or gastric resections due to esophageal and pancreatic cancer. Exclusion criteria for all patients were type 2 diabetes, gastritis, instable body weight and infection with Helicobacter pylori. In total, 11 participating patients were morbidly obese (8 males and 3 females with a mean age of 44.5 years ranging from 26 --58 years) and 11 subjects were non-obese (7 males and 4 females with a mean age of 52.1 years ranging from 25 --74 years). After sampling of mucosal tissue, material was immediately transferred into a collection tube, frozen on dry ice and stored at À70 1C until use. For PCR analyses, gastric specimens of biopsies and surgical interventions were obtained within the greater curvature of the gastric corpus. As an internal control, from some patients gastric specimens were collected from adjacent positions to compare independent samples in parallel. For quantitative immunohistochemical analyses, larger biopsy samples (non-obese and obese), surgically resected specimens (non-obese) and gastric material from sleeve gastrectomies (obese) were used to ensure high histological quality. Sample collection and experiments were performed in accordance to the approval of the Ethics Commission Board of the University Hospital in Tü bingen, Germany, and written informed consent was obtained from the participating patients.
RNA isolation, reverse transcriptase (RT)-PCR, qPCR, cloning and sequencing
Total RNA of frozen stomach specimens from normal-weight and obese subjects was prepared by the NucleoSpin RNA kit (Macherey-Nagel, Dü ren, Germany) according to the manufacturer's protocol. To ensure the complete removal of DNA, a DNase digestion (DNase I, Life Technologies, Carlsbad, CA, USA) step was included. Subsequently, 0.8 --1.2 mg total RNA was reversely transcribed using oligo(dT) primers and SuperScript III Reverse Transcriptase (RT) (Invitrogen, Carlsbad, CA, USA) followed by a conventional PCR amplification using High Fidelity PCR Enzyme Mix (Fermentas, St Leon-Rot, Germany). RNA integrity of each sample was controlled by the amplification of the housekeeping gene for the ribosomal protein L8 with intron spanning primers to verify the DNA removal. As a further control, RT-PCRs with RT samples were performed in which the RT had been omitted. For the amplification of gustatorysignaling elements, 1.2 mg of gastric cDNA from three normal-weight subjects was analyzed in independent PCR experiments. PCR amplification (25 ml) was carried out using 1 ml of the cDNA, 0. Exponential PCR amplification was performed to semi-quantify the expression levels of T1R3, GPR120, gustducin, PLCb2 and TRPM5 using optimized number of amplification cycles to allow a comparison in a linear fashion. For semiquantitative RT-PCR the above cycling profiles without the final elongation step at 72 1C for 2 min were used. A comparison of gastric specimens from obese and non-obese patients was performed in five pairs of semiquantitative PCR series using 1.2 mg of reversely transcribed total RNA. To adjust the amount of cDNA, dilution series of the housekeeping gene L8 were amplified and equivalence of L8 bands was gauged on agarose gels. Equal intensity of L8 bands was assumed to reflect equal amounts of applied cDNA. Following adjustment of equal amounts of RNA, exponential amplification for T1R3, GPR120, PLCb2 and TRPM5 was achieved during cycles 38 --43, for gustducin during cycles 43 --48.
For determination of quantitative changes in mRNA levels qPCR experiments were performed using the Light Cycler (Roche Diagnostics, Mannheim, Germany). The qPCR reaction mixture (20 ml) consisted of 2 Â SYBR Green I Master Mix (Roche) or 2 Â QuantiFast SYBR Green PCR Master Mix (Qiagen, Hilden, Germany) and primer sets. Relative amounts of transcripts for TRPM5, GPR120 and T1R3 were normalized to 18S rRNA quantification. The following qPCR protocol was used: 95 1C for 10 min, 95 1C for 15 s, 60 1C for 15 s, 72 1C for 20 s with 40 cycles, a melting step by slow heating from 65 to 95 1C with þ 0.5 1C per cycle and a final cooling down to 40 1C. Each assay included (in triplicate): for taste genes 50 ng of each tested cDNA, for 18S a 1:10 cDNA dilution, a non-template control reaction, a reaction of RT sample in which the RT had been omitted and a standard curve of four serial dilutions (in steps of fivefold) of a calibrator cDNA ranging from 250 to 2 ng for taste genes and ranging from 50 to 0.4 ng for 18S rRNA. LightCycler Software 3.5 (Roche Diagnostics) results were exported as tab-delimited text files and imported into Microsoft Excel for calculations of the expression ratios using the mean crossing points of target and reference genes from controls and samples. Efficiencies were acquired by the generation of standard curves of dilution series of a calibrator cDNA with each primer set and the given slopes in the LightCycler Software 3.5 (Roche Diagnostics).
For the amplification of gustatory-signaling elements the following primers were used: T1R3 primers, (nt 2169-2419 from GenBank accession number NM_152228; the expected size of PCR products, 251 bp) 0 -GAG CAA GAT GGA GAA GCG GAG GAG-3 0 and 5 0 -GGA CAC GAG CAC CGA GCA GTA GTT-3 0 (NM_014555, nt 3196-3360, 163 bp) and for GPR120 and T1R3 the used primers were listed above.
The amplified PCR products were cloned into pGEM-T vector (Promega, Medison, WI, USA) and validated by DNA sequencing using an ABI Prism 310 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Partial sequences were matched to corresponding human full-length sequences by GenBank BLAST searches.
Immunohistochemistry
Frozen tissue was thawed in 1 Â phosphate-buffered saline (PBS) (0.85% NaCl, 1.4 mM KH 2 PO 4 , 8 mM Na 2 HPO 4 and pH 7.4) and fixed in 4% formalin/ formaldehyde solution (Roti-Histofix, Roth, Karlsruhe, Germany) for 16 h at 4 1C followed by cryoprotection in 25% sucrose at 4 1C overnight. Subsequently, gastric tissue was embedded in Leica OCT cryocompound tissue freezing medium (Leica Microsystems, Bensheim, Germany) and quickly frozen on dry ice. Longitudinal sections (8 mm) were cut on a CM3000 cryostat (Leica Microsystems) and attached to Superfrost Plus microslides (Menzel Gläser, Braunschweig, Germany). For immunohistochemical staining sections were air-dried for 30 min and incubated with blocking solution (PBS with 10% normal goat serum (Dianova, Hamburg, Germany) or normal donkey serum (Dianova), 0.3% Triton X-100) for 30 min at room temperature. Then, the blocking solution was replaced by the primary antibody diluted in 1 Â PBS containing 10% normal goat serum or normal donkey serum and 0.3% Triton X-100 at 4 1C overnight. Staining experiments were performed at the following dilutions: rabbit anti-TRPM5 9 1:600, rabbit anti-gustducin 14 1: 200, rabbit anti-PLCb2 1:300 (sc-206; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and goat antighrelin (sc-10368; Santa Cruz Biotechnology) 1:300. For double staining the dilutions were rabbit anti-PLCb2 1:300, rabbit anti-TRPM5 1:400 and goat anti-ghrelin 1:500, respectively, and normal donkey serum was used instead of normal goat serum. In control experiments, the primary antibody was omitted on consecutive tissue sections. After washing with PBS, the tissue sections were incubated with goat anti-rabbit Alexa 488-conjugated and/or donkey anti-goat Alexa 568-conjugated secondary antibody (Invitrogen, Karlsruhe, Germany; 1:500 in blocking solution) for 2 h at room temperature. Then, slides were washed with PBS. To visualize nuclei, 4 0 ,6-diamidino-2-phenylindole (DAPI)-containing solution (1 mg ml
À1
Altered expression of gustatory-signaling elements P Widmayer et al in PBS) was added to the tissue sections. For double staining sections were counterstained with TOTO-3 (Invitrogen). After rinsing the tissue sections in PBS, the sections were embedded in PBS/glycerol (1:3) or Mowiol (Roth) and coverslips sealed with nail polish.
Microscopy and imaging
Immunofluorescence was examined and documented with a Zeiss Axiophot microscope (Carl Zeiss MicroImaging, Gö ttingen, Germany) equipped with a SensiCam CCD camera (PCO Computer Optics, Kelheim, Germany) and double labeling by confocal microscopy using a Zeiss LSM 510 META system (Zeiss, Jena, Germany). Images were arranged and adjusted for contrast in PowerPoint (Microsoft) and Adobe Photoshop (Adobe Systems, San Jose, CA, USA).
Cell quantification
Cell counting was conducted adapting a procedure from Tanaka-Shintani and Watanabe
15
. In brief, random sampling fields of human gastric corpus mucosae of equal thickness were selected above the lamina muscularis where putative chemosensory cells and ghrelin-secreting cells mainly reside. To determine the number of TRPM5-and ghrelin-positive cells, microscopic digital images of four to five consecutive sections were acquired by defining sampling fields of 370 Â 500 mm 2 in basal zones of the gastric mucosa, which contained immunoreactive cells. Cell counting was performed in a blind manner, and the average cell counts of immunopositive cells per field were determined. Immunoreactive cells were only counted when the nuclei were clearly visible by DAPI staining. To define the percentage of immunolabeled cells per field, the total number of DAPI-labeled nuclei was counted.
Statistical analysis
For the quantification of relative changes in mRNA expression levels, data (in triplicate) were expressed as mean fold differences ± s.e.m. compared with that of controls, with values ¼ 1 representing the baseline level corresponding to no relative difference in expression levels. The formula used to calculate the n-fold difference of mRNA expression levels of target genes relative to that of reference genes was as follows: ratio
. For cell quantification, values are given as mean±s.e.m. for the quantification of four to five consecutive sections. Significant differences between the groups were analyzed by the unpaired t-test with GraphPad Prism (Graphpad Software, www. graphpad.com). Statistical significance was set at Po0.05.
RESULTS
For the initiation and regulation of complex digestive processes, the stomach strongly relies on the capacity to sense the composition of the ingested food. In the mucosa of the GI tract, cells which express gustatory elements are considered as candidate chemosensors. By means of RT-PCR experiments we found transcripts for gustducin, PLCb2 and TRPM5 in biopsies from human gastric corpus tissue (data not shown) confirming a previous report about the expression of gustatory-signaling elements in the human stomach. 10 To visualize the candidate chemosensory cells within the gastric mucosa, which express taste-signaling elements, immunohistochemical analyses were performed. Tissue sections through the human gastric corpus mucosa were assessed using specific antibodies. Analyses with a TRPM5 antibody led to the labeling of either round or elongated gastric mucosal cells, which were located in the lower half of the human oxyntic glands (Figure 1a) . No immunoreactivity was observed in the absence of the primary antibody (Figure 1b) . TRPM5-immunoreactive cells extended their processes to either the apical or the basolateral site of oxyntic glands (Figures 1c  and d) . Using an antibody specific for PLCb2 resulted in a weaker and more punctuated staining of similar cell types; a gustducin antibody labeled only few cells (data not shown).
To approach the question whether the energy status, especially obesity, may affect the number and distribution of putative chemosensory cells in the stomach mucosa, samples of gastric tissue obtained from morbidly obese patients were investigated; for comparison, samples from non-obese individuals were processed in parallel. First, semi-quantitative RT-PCR experiments for the taste-signaling elements gustducin, PLCb2 and TRPM5 were performed. A comparison with samples from normal-weight individuals revealed that the bands for the analyzed genes were much stronger for gastric tissue from obese patients (Figure 2a ; n ¼ 5, each). In addition, receptor genes were assessed, which may be relevant for sensing nutrients. T1R3 was selected as a possible chemosensor for both sugars and amino acids 16 --18 and GPR120 as a receptor for medium and long-chain fatty acids.
19 --22 PCR experiments with cDNA from gastric corpus tissue from obese and normal-weight patients resulted in amplification products for both T1R3 and GPR120. For T1R3 the band was apparently weaker for gastric tissue from obese patients, conversely, for GPR120 the band was stronger (Figure 2b ; n ¼ 5, each). To quantify the relative amounts of gene expression, mRNA levels for TRPM5, GPR120 and T1R3 were measured by real time PCR in morbidly obese and nonobese patients and expressed as fold differences of expression levels in normal-weight subjects relative to obese patients. In morbidly obese patients the amount of TRPM5 and GPR120 mRNA was 3.14-fold (P ¼ 0.0001) and 3.85-fold (P ¼ 0.0028) higher than in normal weight subjects, whereas the amount of T1R3 mRNA was 0.41-fold (P ¼ 0.0086) lower compared with controls (Figure 2c ; n ¼ 4, each). These results indicate an elevated level of mRNA for taste-signaling elements and GPR120 and a lower level of mRNA for T1R3 in the gastric mucosa of obese patients.
The higher amount of mRNA for gustducin, PLCb2, TRPM5 and GPR120 in obese gastric tissue could either be due to higher mRNA levels in individual cells or due to an increased number of cells expressing the signaling elements. To investigate the cell numbers, candidate chemosensory cells in the gastric mucosa were visualized by means of immunohistochemical approaches using the TRPM5 antibody. A typical result of these experiments is depicted in Figures 3a and b . It is immediately obvious that the number of TRPM5-immunopositive cells is higher in tissue samples from obese patients (Figure 3a ) compared with tissue samples from normal-weight individuals (Figure 3b ). To substantiate this observation, TRPM5-immunoreactive cells and DAPI-stained cell nuclei were counted on serial sections by defining a mucosal field of 370 Â 500 mm (b) For T1R3---the candidate receptor for carbohydates and/or amino acids---stronger bands were obtained in gastric tissue samples from normal-weight individuals, whereas only traces of T1R3 RNA were detectable in obese tissue samples. In contrast, analyses with cDNA from normal-weight gastric tissue yielded only minor amounts of amplification products for GPR120---a candidate fatty acid receptor---compared with experiments using cDNA from obese gastric tissue. The analysis of band intensities for L8 (292 bp) served as a control; the comparison revealed similar results for the housekeeping gene indicative of equal template concentrations of the used templates.
(c) Expression of TRPM5 and GPR120 mRNA of morbidly obese patients was markedly higher than that of controls as revealed by qPCR. In obese subjects, T1R3 was significantly expressed at lower levels. Data are expressed as mean fold differences ± s.e.m., with values ¼ 1 representing the baseline level corresponding to no relative changes. Dashed line denotes baseline levels. Data were generated in triplicate, with n ¼ 4 subjects in each group. Statistically significant results determined by the unpaired t-test are indicated by *Po0.05; **Po0.005 against baseline levels. Note that error bars reflect strong interindividual differences.
was determined as 37.84±12.65 and 20.75±13.13 (n ¼ 7, obese; n ¼ 6, non-obese; P ¼ 0.0232), respectively (Figure 3c ). To define the percentage of immunolabeled cells per field, the total number of DAPI-labeled nuclei was counted. By DAPI staining the average number of the total number of cells in obese and normal-weight patients was calculated as 722.49 ± 148.02 and 718.49 ± 95.80, respectively. Thus, the number of TRPM5-immunoreactive cells accounted for 5.35% of gastric mucosal cells in the basal half in obese subjects, and 2.99% in non-obese subjects. These findings indicate that the higher mRNA level for TRPM5 in tissue samples of obese patients associate with a higher number of TRPM5-positive cells in the gastric mucosa. It has recently been shown that in the murine stomach a population of candidate chemosensory cells also express the orexigenic hormone ghrelin. 11 To assess whether in the human stomach candidate chemosensory cells may represent ghrelinproducing cells, double-labeling experiments were performed using TRPM5 and PLCb2 antibodies. It was found that in the human oxyntic mucosa the vast majority of ghrelin-immunoreactive cells did not express TRPM5, but instead ghrelin-positive cells were frequently found in very close association with cells expressing TRPM5 (Figure 4a) ; only very few double-labeled cells were observed (data not shown). Double-labeling experiments with antibodies against PLCb2 and ghrelin also revealed no overlap for the vast majority of cells (Figure 4b ). Because of a close contact between putative chemosensory and ghrelin-secreting cells, we reasoned that the population of ghrelin-producing cells may also be increased in tissue from obese patients. Determining the number of ghrelin cells on tissue sections through the oxyntic mucosa of obese and non-obese subjects revealed a higher density of ghrelin cells in samples from obese subjects (Figure 5a ) compared with controls (Figure 5b) . The average number of ghrelin cells per field in samples from obese and non-obese subjects was 18.29 ± 6.80 and 10.41 ± 2.74 (n ¼ 7, obese; n ¼ 5, non-obese; P ¼ 0.0164), respectively (Figure 5c ). These findings imply that gastric tissue of morbidly obese subjects is endowed with a higher number of both putative chemosensory cells and endocrine cells producing the orexigenic hormone ghrelin.
DISCUSSION
The results of this study indicate that the human gastric mucosa includes distinct cell types, which share some molecular features with lingual taste sensory cells. Based on the view that TRPM5 is accepted as a suitable marker for solitary chemosensory cells 9, 23 a substantial number of candidate chemosensory cells was visualized in tissue samples from human gastric mucosa; the number in the lower half of the human corpus oxyntic glands accounted for B3% of the mucosal cells. Many of the TRPM5-positive cells were found to extend long cytoplasmic processes, which occurred to be directed toward the gastric lumen. This morphological feature suggests that the putative sensory cells may have direct contact to the luminal content and may be capable of sensing constituents of the ingested food. It is currently unclear which nutrient receptors are present in these candidate chemosensory cells, but RT-PCR experiments have shown that T1R3 as well as the fatty acid receptor GPR120 are expressed in human gastric mucosa. Evidence for the expression of T1R3 in the human upper GI tract was recently also found by Young et al.
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It is unclear how these candidate sensory cells are integrated in the complex physiology of the GI tract, that is, how they convey sensory information onto effector systems; however, it is conceivable that they may transmit their information onto neighboring nerve fibers of the enteric nervous system or onto adjacent endocrine cells via paracrine mechanisms. Alternatively, one could imagine that they do have endocrine function themselves and thus represent enteroendocrine cells with sensory capacity.
One of the major finding of this study was the substantial change in the expression level for a variety of chemosensory elements in the gastric mucosa of obese patients. These changes could be part of adaptive response mechanisms adjusting the GI system to a sustained positive energy balance. Whereas for most elements a higher expression level was observed, for the receptor T1R3, which is a constituent of sugar and amino acid receptors, the level was decreased. These findings are in line with a recent report demonstrating that in the lingual gustatory system of obese rats the expression level of T1R3 was reduced. 24 It is conceivable that such a downregulation of T1R3 expression in the gastric and lingual system might be due to desensitization of the cells as a consequence of a sustained access to carbohydrate and/or protein breakdown products, but the finding that for the fatty acid receptor GRP120 as well as for the gustatory-signaling elements the expression levels were increased indicate that in obese gastric mucosa chemosensory elements are subject to different regulatory mechanisms. The reciprocal change of the mRNA levels for T1R3 and GPR120 might be an indication that the receptors are expressed in distinct cell populations.
Using TRPM5 as a marker for solitary chemosensory cells 9,23 our analyses revealed that the elevated expression level coincides with a significantly higher number and density of candidate chemosensory cells in the gastric mucosa from obese patients. It is unclear whether this phenomenon is one of the causal parameters for the disease or a consequence of the disorder, however, the changes in obese patients suggest that chemosensory cells are part of the complex regulation mechanisms involved in controling energy homeostasis. Whereas in the murine stomach some of the candidate chemosensory cells apparently also express the orexigenic hormone ghrelin, suggesting an immediate linkage between registration of nutritive signals and ghrelin release, 15 in the human gastric mucosa the majority of cells expressing gustatory-signaling elements did not express ghrelin. This observation may suggest distinct features of ghrelin cells in different species. The adjacent localization of candidate chemosensory cells and ghrelin cells might indicate a paracrine cell --cell communication. In view of the finding that, in contrast to mice, in the human mucosa ghrelin and chemosensory elements are expressed in distinct cell types, the decrease in T1R3 mRNA concentration is not contradictory to the concomitant increase of ghrelin cells. An increased number and density of ghrelin cells in gastric biopsies from obese patients is in line with a previous report, indicating a trend toward an increased density of gastric ghrelin-positive cells in patients with a high body mass index. 25 A higher density of ghrelin cells in obese gastric mucosa is remarkable because a decreased level of circulating ghrelin was found in obese patients, 26 suggesting hypoactivity of ghrelinsecreting cells under these conditions. 25 Whether such a hypoactivity of ghrelin cells could be due to inhibitory signals conveyed from chemosensory cells in response to the presence of nutrients needs further investigation. 
